The mechanisms of the single-atom X/g-C 3 N 4 (X = Au 1 , Pd 1 , and Ru 1 ) catalysts for the acetylene hydrochlorination reaction were systematically investigated using the density functional theory (DFT) B3LYP method. The density functional dispersion correction obtained by the DFT-D3 method was taken into account. During the reaction, C 2 H 2 and HCl were well activated and the analysis of the adsorption energy demonstrated the adsorption performance of C 2 H 2 is better than that of HCl. The catalytic mechanisms of the three catalysts consist of one intermediate and two transition states. Moreover, our results showed that the three single-atom catalysts improve the catalytic activity of the reaction to different degrees. The calculated energy barrier declines in the order of Pd 1 /g-C 3 N 4 > Ru 1 /g-C 3 N 4 > Au 1 /g-C 3 N 4 , and the energy barrier for the Au 1 /g-C 3 N 4 catalyst was only 13.66 kcal/mol, proving that single-atom Au 1 /g-C 3 N 4 may be a potential catalyst for hydrochlorination of acetylene to vinyl chloride.
Introduction
With the rapid development of industrial catalysis, it is imperative to find a cost-effective catalyst for catalytic reactions. Single-atom catalysts (SACs) stand out due to their low cost, high activity, high selectivity, and clear active centers [1] . Another advantage of SACs is the 100% utilization, as they consist of a single isolated metal atom supported on the carrier. They greatly improve the efficiency of the metal atoms and offer a number of advantages over the conventional supported noble metal catalysts [2, 3] . Huang et al. [4] synthesized a single-atom silver chain with high catalytic ability by simple thermal treatment of silver, which also resulted in excellent formaldehyde oxidation activity at low temperature. Qiao et al. [5] dispersed a single Pt atom on large surface area FeOx carrier to form Pt 1 /FeO x catalyst, which displayed high activity for both preferential oxidation reactions and CO oxidation. Yang et al. [6] deposited an isolated gold atom on a titania carrier and suspended it in ethanol for a low-temperature catalytic water-gas conversion. Gao et al. [7] reported that single-atom Pd supported on graphite carbon nitride is an effective photocatalyst for visible light reduction of CO 2 . SACs exhibit good performance in many heterogeneous reactions; therefore, they have potential to be applied in a wide range of processes. Until now, little research has been done on the acetylene hydrochlorination using SACs, and particularly on the theoretical mechanism of this reaction [8] [9] [10] [11] [12] [13] .
Polyvinyl chloride (PVC) plays an important role in various applications. Its vinyl chloride monomer (VCM) is mainly synthesized by the calcium carbide method, with mercury chloride as of Los Alamos LANL2DZ for metals). To improve the accuracy of the results, the density functional dispersion correction using the DFT-D3 method was taken into account [42] . All relative energies of the optimized structures in the whole reaction path are zero-point energy corrections at the B3LYP/6-31G** level and also with the DFT-D3 method. Using the Hessian calculation at the same level, the stationary points were characterized as minima (no virtual frequency) or transition states (only one virtual frequency). Intrinsic reaction coordinate (IRC) [43, 44] calculations were used to ensure that each transition state linked the corresponding products with the reactants in the process of calculation.
An essential reference point for this calculation was the adsorption energy for HCl and C 2 H 2 adsorbed on single-atom X/g-C 3 N 4 (X = Au 1 , Pd 1 , and Ru 1 ) catalysts. In this study, we define adsorption energy (Eads) and co-adsorption energy (Eco-ads) as follows:
where E ads state and E co−ads state are the total energy values of the reactant and catalyst systems, whereas E catalyst , E C 2 H 2 and E HCl are the energy values of the isolated catalyst and reactants.
Results and Discussion

Geometrical Structure of the Reactants
The reactants, including the isolated C 2 H 2 molecule, HCl molecule, and single-atom X/g-C 3 N 4 (X = Au 1 , Pd 1 , and Ru 1 ) catalysts, as well as the optimized structures are shown in Figure 1 . As previously reported, triazine and tri-s-triazine are two basic structural units of g-C 3 N 4 [45] . To get the most stable and optimal structure of g-C 3 N 4 for the simulation study, we initially chose three adjacent tri-s-triazine layered units. Similarly, to the structure employed previously by our group [46] , we also used a wave-like structure in the current work [47] . In addition, in the structures we calculated, all the structures containing metal Au are doublet states, and the other structures such as C 2 H 2 molecule, HCl molecule, g-C 3 N 4 molecule and the structures containing metal Pd and Ru are all singlet states.
By placing the three investigated metals in all possible locations of the labeled atoms in g-C 3 N 4 Figure 1a , the three lowest energy structures of the catalysts were obtained. As shown in Figure 1b -d, Au, Pd, and Ru all tend to adsorb in a six-fold cavity of g-C 3 N 4 , which is consistent with a previous report [39] . The Au atom is located roughly in the middle of g-C 3 N 4 and is not connected to any other atom ( Figure 1b ). Furthermore, the Au-C1 distance is 3.34 Å, both Au-N1 and Au-N6 distance are 3.42 Å, Au-N2 and Au-N5 are 3.10 Å, and Au-N3 and Au-N4 are 3.29 Å. The Pd atom is bonded to C1 by the chemical bond of 1.5 Å (Figure 1c ). The bond lengths of Pd-N1 and Pd-N6, Pd-N2 and Pd-N5, and Pd-N3 and Pd-N4 are similar, specifically 2.51 Å, 2.54 Å, and 3.01 Å, respectively. The Ru atom is connected to N3 and N4 by 1.94 Å bonds (Figure 1d ). Ru-C1 has a distance of 3.51 Å, similarly Ru-N1 and Ru-N6, and Ru-N2 and Ru-N5 have the same bond lengths of 3.19 Å and 2.64 Å. Moreover, the structures of the three catalysts obtained by adding Au, Pd and Ru are different from the original g-C 3 N 4 , and all of them display varying degrees of deformation. Our results; therefore, indicate the presence of a strong interaction between the metal and the carrier.
As can be seen from the highest occupied molecular orbital (HOMO) shown in Figure 2 , the charge distribution in g-C 3 N 4 is relatively uniform. It is clear, however, that following their introduction, the charge is concentrated mainly on the metal atoms. This indicates an obvious charge transfer between the metal atoms and the g-C 3 N 4 carrier. Figure 2 shows the "s" character of HOMO at Au and Ru, and "d" character at Pd. This correlates with electron configuration of atoms 5d 10 s 1 , 4d 10 s 0 , and 4d 7 s 1 for Au, Pd, and Ru, respectively. The larger diameter of the sphere of the HOMO on Au than on Ru correlates with higher electronegativity of Au (2.54 versus 2.20). The large diameter and spherical shape of the HOMO leads to the central position of the Au atom in the hole. Bonding of Au is therefore more ionic in contrast to Pd and Ru, where bonding is more covalent. Another feature visible in Figure 2 is that covalent bonding of Pd is of sigma character and bonding of Ru is of pi character.
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3.2.Adsorption of C2H2 and HCl onto SACs
To clarify the adsorption strength of C2H2 and HCl, we examined the individual optimal adsorption energy values for C2H2 and HCl (Table 1 ). The results demonstrate that the adsorption of Au is therefore more ionic in contrast to Pd and Ru, where bonding is more covalent. Another feature visible in Figure 2 is that covalent bonding of Pd is of sigma character and bonding of Ru is of pi character. 
To clarify the adsorption strength of C2H2 and HCl, we examined the individual optimal adsorption energy values for C2H2 and HCl (Table 1 ). The results demonstrate that the adsorption Figure 2 . Frontier molecular orbitals of HOMO for g-C 3 N 4 (a), Au 1 /g-C 3 N 4 (b), Pd 1 /g-C 3 N 4 (c), and Ru 1 /g-C 3 N 4 (d).
Adsorption of C 2 H 2 and HCl onto SACs
To clarify the adsorption strength of C 2 H 2 and HCl, we examined the individual optimal adsorption energy values for C 2 H 2 and HCl (Table 1 ). The results demonstrate that the adsorption energies of Catalysts 2019, 9, 808 5 of 12 C 2 H 2 are higher than those of HCl, indicating that the adsorption performance of C 2 H 2 is better than that of HCl. Adsorption energy of C 2 H 2 correlates with the number of empty d-orbitals which are available for bonding. Furthermore, with a view to obtaining the optimal adsorption site structures of C 2 H 2 and HCl, we placed them in different positions on the SACs. The resulting structures are presented in Figure 3 . It can be seen that both C 2 H 2 and HCl are adsorbed on the metal atoms of SACs, suggesting that the metal atoms are the only active sites on the catalysts. This finding is in agreement with the previous research [38] . As a consequence of the adsorption of C 2 H 2 , all of the C≡C triple bonds turned into double bonds, hence the bond lengths changed from 1.21 Å to 1.24 Å, 1.26 Å and 1.32 Å for Au 1 /g-C 3 N 4 ·C 2 H 2 , Pd 1 /g-C 3 N 4 ·C 2 H 2 , and Ru 1 /g-C 3 N 4 ·C 2 H 2 , respectively. As for HCl, the bond lengths increased from 1.29 Å to 1.38 Å, 1.52 Å, 1.30 Å for Au 1 /g-C 3 N 4 ·HCl, Pd 1 /g-C 3 N 4 ·HCl, and Ru 1 /g-C 3 N 4 ·HCl, respectively. All these changes demonstrate that single atoms deposited on the support are strong active sites. Table 1 . The optimal adsorption energies of C 2 H 2 and HCl adsorbed separately and co-adsorbed on the single-atom catalysts (SACs) (energies in kcal/mol).
C 2 H 2
HCl Co-Adsorption
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The possible reaction mechanisms for acetylene hydrogenation on SACs
The possible reaction pathways are systematically explored and analyzed to gain a better understanding of the reaction mechanisms for acetylene hydrochlorination using Au1/g-C3N4, Pd1/g-C3N4, and Ru1/g-C3N4 catalysts. Figure 4 depicts the reaction energy pathways starting from C2H2 and HCl co-adsorption structures. Additionally, the structures of the various stationary points located on the potential energy surface are displayed in Figures 5-7 , respectively. 
The Possible Reaction Mechanisms for Acetylene Hydrogenation on SACs
The possible reaction pathways are systematically explored and analyzed to gain a better understanding of the reaction mechanisms for acetylene hydrochlorination using Au 1 /g-C 3 N 4 , Pd 1 /g-C 3 N 4 , and Ru 1 /g-C 3 N 4 catalysts. Figure 4 depicts the reaction energy pathways starting from C 2 H 2 and HCl co-adsorption structures. Additionally, the structures of the various stationary points located on the potential energy surface are displayed in Figures 5-7 , respectively. 
Reaction mechanism utilizing Au1/g-C3N4
As the adsorption of C2H2 was shown to be better than that of HCl, C2H2 adsorbed on Au1/g-C3N4 to form Au1/g-C3N4·C2H2 first, followed by adsorption of HCl on Au1/g-C3N4·C2H2 to form a coadsorption state (Co-ads). The co-adsorption energy ECo-ads is −26.38 kcal/mol. As it can be seen in Figure 5 , the C2H2 molecule has undergone an obvious topographic change, in the co-adsorption structure, indicating strong adsorption of this compound. The adsorbed HCl is located roughly in the middle of the C1-C2 bond and is nearly perpendicular to it. Considering the change in the C3-Cl bond length was less than 0.1 Å, the HCl molecule was not activated. The co-adsorption structure can be transformed into intermediate state 1 (Ims1) through a transition state 1 (TS1). The H3-Cl bond breaks in the TS1 state, and the bond length increases from 1.31 Å to 1.58 Å. Meanwhile, the H3 atom is in close proximity to the C1 atom, and the distance of H3-C1 decreases from 2.19 Å to 1.37 Å, proving that the HCl molecule is completely dissociated and activated.
Through vibrational analysis of the TS1 structure, we acquired only one imaginary frequency (−873.76 cm −1 ). This frequency is related to the stretching vibration of the H3 atom. To reach the TS1 state, a 13.32 kcal/mol energy barrier must be overcome. The IRC calculation was executed to ensure that the TS1 links the correct co-adsorption structure and Ims1. During the transition from TS1 to Ims1, the H3 atom gradually approaches C1 and bonds to it, forming C2H3. Interestingly, with the formation of the H3-C1 bond, C2H3 reverses anticlockwise, resulting in connection of the C2 atom with Au, instead of C1. As shown in Figure 5 , the HCl molecule in the Ims1 separates into two atoms, and the distance between the two atoms increases from 1.58 Å to 2.42 Å, compared to TS1.
The 2.64 kcal/mol energy barrier must be then overcome to transition from Ims1 to TS2. Following this, the distance between the C2 and Cl atoms decreases from 2.83 Å to 2.25 Å. Through the vibrational analysis of TS2, only one virtual frequency (−165.85 cm −1 ) was obtained, which is connected with the vibration stretching from Cl to C2. The result of the IRC calculation demonstrated As the adsorption of C 2 H 2 was shown to be better than that of HCl, C 2 H 2 adsorbed on Au 1 /g-C 3 N 4 to form Au 1 /g-C 3 N 4 ·C 2 H 2 first, followed by adsorption of HCl on Au 1 /g-C 3 N 4 ·C 2 H 2 to form a co-adsorption state (Co-ads). The co-adsorption energy E Co-ads is −26.38 kcal/mol. As it can be seen in Figure 5 , the C 2 H 2 molecule has undergone an obvious topographic change, in the co-adsorption structure, indicating strong adsorption of this compound. The adsorbed HCl is located roughly in the middle of the C1-C2 bond and is nearly perpendicular to it. Considering the change in the C3-Cl bond length was less than 0.1 Å, the HCl molecule was not activated. The co-adsorption structure can be transformed into intermediate state 1 (Ims1) through a transition state 1 (TS1). The H3-Cl bond breaks in the TS1 state, and the bond length increases from 1.31 Å to 1.58 Å. Meanwhile, the H3 atom is in close proximity to the C1 atom, and the distance of H3-C1 decreases from 2.19 Å to 1.37 Å, proving that the HCl molecule is completely dissociated and activated.
Through vibrational analysis of the TS1 structure, we acquired only one imaginary frequency (−873.76 cm −1 ). This frequency is related to the stretching vibration of the H3 atom. To reach the TS1 state, a 13.32 kcal/mol energy barrier must be overcome. The IRC calculation was executed to ensure that the TS1 links the correct co-adsorption structure and Ims1. During the transition from TS1 to Ims1, the H3 atom gradually approaches C1 and bonds to it, forming C 2 H 3 . Interestingly, with the formation of the H3-C1 bond, C 2 H 3 reverses anticlockwise, resulting in connection of the C2 atom with Au, instead of C1. As shown in Figure 5 , the HCl molecule in the Ims1 separates into two atoms, and the distance between the two atoms increases from 1.58 Å to 2.42 Å, compared to TS1.
The 2.64 kcal/mol energy barrier must be then overcome to transition from Ims1 to TS2. Following this, the distance between the C2 and Cl atoms decreases from 2.83 Å to 2.25 Å. Through the vibrational analysis of TS2, only one virtual frequency (−165.85 cm −1 ) was obtained, which is connected with the vibration stretching from Cl to C2. The result of the IRC calculation demonstrated that TS2 can link the Ims1 and the desorption state (De-ads). The C 2 H 3 Cl product in the desorption state adsorbed onto Au 1 /g-C 3 N 4 to form adsorption complexes. The C2-Cl bond length of the C 2 H 3 Cl molecule was determined at 1.88 Å, which is longer than the same bond in the isolated C 2 H 3 Cl molecule (1.75 Å). The ultimate step involves desorption of the C 2 H 3 Cl molecule. The desorption energy was determined at 13.66 kcal/mol, which is the rate-limiting step. In addition, the desorption energy is equal to the adsorption energy of the C 2 H 3 Cl molecule adsorbed onto Au 1 /g-C 3 N 4 . As the adsorption energy of C 2 H 3 Cl is low, it is easy for the products to desorb from the catalysts.
Catalysts 2019, 9, 808 7 of 13 that TS2 can link the Ims1 and the desorption state (De-ads). The C2H3Cl product in the desorption state adsorbed onto Au1/g-C3N4 to form adsorption complexes. The C2-Cl bond length of the C2H3Cl molecule was determined at 1.88 Å, which is longer than the same bond in the isolated C2H3Cl molecule (1.75 Å). The ultimate step involves desorption of the C2H3Cl molecule. The desorption energy was determined at 13.66 kcal/mol, which is the rate-limiting step. In addition, the desorption energy is equal to the adsorption energy of the C2H3Cl molecule adsorbed onto Au1/g-C3N4. As the adsorption energy of C2H3Cl is low, it is easy for the products to desorb from the catalysts. 3.3.2. Reaction mechanism utilizing Pd1/g-C3N4
The reaction mechanism using Pd1/g-C3N4 is similar to that employing Au1/g-C3N4. As shown in Figure 6 , C2H2 is first adsorbed on Pd1/g-C3N4, followed by adsorption of HCl to form Co-ads. The ECo-ads is−43.32 kcal/mol, which is much higher than the ECo-ads of Au1/g-C3N4. Similarly, C2H2 is strongly adsorbed on the catalyst. The adsorbed HCl is also located roughly in the middle of the C1-C2 bond, nearly perpendicular to it, and is inactivated in the Co-ads state. The Co-ads structure can convert to Ims1 through TS1. The H3-Cl bond in TS1 breaks and the bond length increases from 1.38 Å to 1.71 Å. Moreover, the H3 atom approaches the C2 atom and the distance decreases from 3.02 Å to 1.38 Å. Hence, all of these observations demonstrate that the HCl molecule is fully separated and activated.
Through the vibration analysis of TS1 structure, only one virtual frequency (−739.59 cm −1 ) value was obtained, which is associated with the H3 atom vibrating to the C2 atom. A minimum of 11.34 kcal/mol energy is required to get to the TS1 state. The IRC calculation result clearly shows that TS1 connects the Co-ads structure and Ims1 correctly. As it can be seen in Figure 6 , the bond for H3-C2 is formed in Ims1. An obvious change is observed in this state, which involves the HCl molecule splitting into two isolated atoms, and the distance between them increases from 1.71 Å to 2.90 Å.
Subsequently, the 25.47 kcal/mol energy barrier must be overcome to transition from Ims1 to TS2. During the transformation, the Cl atom is close to the C1 and C2 atoms and the H2 and H3 atoms flip up anticlockwise to form TS2. The distance between C1 and Cl in TS2 decreases from 3.11 Å to 2.20 Å. Meanwhile, we obtained only one virtual frequency (−285.74 cm −1 ) by vibrational analysis of 
Reaction Mechanism Utilizing Pd 1 /g-C 3 N 4
The reaction mechanism using Pd 1 /g-C 3 N 4 is similar to that employing Au 1 /g-C 3 N 4 . As shown in Figure 6 , C 2 H 2 is first adsorbed on Pd 1 /g-C 3 N 4 , followed by adsorption of HCl to form Co-ads. The E Co-ads is−43.32 kcal/mol, which is much higher than the E Co-ads of Au 1 /g-C 3 N 4 . Similarly, C 2 H 2 is strongly adsorbed on the catalyst. The adsorbed HCl is also located roughly in the middle of the C1-C2 bond, nearly perpendicular to it, and is inactivated in the Co-ads state. The Co-ads structure can convert to Ims1 through TS1. The H3-Cl bond in TS1 breaks and the bond length increases from 1.38 Å to 1.71 Å. Moreover, the H3 atom approaches the C2 atom and the distance decreases from 3.02 Å to 1.38 Å. Hence, all of these observations demonstrate that the HCl molecule is fully separated and activated.
Subsequently, the 25.47 kcal/mol energy barrier must be overcome to transition from Ims1 to TS2. During the transformation, the Cl atom is close to the C1 and C2 atoms and the H2 and H3 atoms flip up anticlockwise to form TS2. The distance between C1 and Cl in TS2 decreases from 3.11 Å to 2.20 Å. Meanwhile, we obtained only one virtual frequency (−285.74 cm −1 ) by vibrational analysis of TS2 structure, which involves the stretching movement of the Cl atom. The IRC calculation is performed once again to verify that TS2 links the Ims1 and De-ads states. The C 2 H 3 Cl product is formed in the De-ads state, and the C1-Cl bond length is 1.81 Å, which is longer than the length of the same bond in an isolated C 2 H 3 Cl molecule. The last step involves desorption of the C 2 H 3 Cl molecule with desorption energy of 30.89 kcal/mol, which is equal to the adsorption energy of the C 2 H 3 Cl molecule adsorbed onto Pd 1 /g-C 3 N 4 . Same as the Au 1 /g-C 3 N 4 catalyzed process, the rate-limiting step for Pd 1 /g-C 3 N 4 is desorption of the C 2 H 3 Cl molecule from the catalyst.
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TS2 structure, which involves the stretching movement of the Cl atom. The IRC calculation is performed once again to verify that TS2 links the Ims1 and De-ads states. The C2H3Cl product is formed in the De-ads state, and the C1-Cl bond length is 1.81 Å, which is longer than the length of the same bond in an isolated C2H3Cl molecule. The last step involves desorption of the C2H3Cl molecule with desorption energy of 30.89 kcal/mol, which is equal to the adsorption energy of the C2H3Cl molecule adsorbed onto Pd1/g-C3N4. Same as the Au1/g-C3N4 catalyzed process, the ratelimiting step for Pd1/g-C3N4 is desorption of the C2H3Cl molecule from the catalyst. Figure 6 . The energy diagram of the optimal pathway over the Pd1/g-C3N4.
3.3.3. Reaction mechanism utilizing Ru1/g-C3N4
The reaction mechanism for Ru1/g-C3N4 is identical to the mechanisms explained above, i.e., C2H2 is adsorbed first, followed by the adsorption of HCl. The co-adsorption structure formed is shown in Figure 7 . Unlike the previous co-adsorptions described for Au1/g-C3N4 and Pd1/g-C3N4, C2H2, and HCl are coplanar, rather than perpendicular. The ECo-ads is −51.38 kcal/mol, which is the largest among the three catalysts. Moreover, the C2H2 molecule is strongly adsorbed on Ru1/g-C3N4 and the adsorbed HCl molecule of the Co-ads state is not activated. The Co-ads structure could transform into Ims1 through TS1. The H3-Cl bond length in TS1 increases from 1.40 Å to 1.50 Å and the C2-H3 distance decreases from 2.13 Å to 1.60 Å. These outcomes indicate that the HCl molecule is isolated and activated.
Furthermore, based on the TS1 vibration analysis, only one imaginary frequency (−527.56 cm −1 ) was obtained, which shows the vibration of H3 to C2 in TS1. Only 0.50 kcal/mol energy is required to reach TS1. The calculation of the IRC proves that TS1 correctly connects the Co-ads and Ims1. Furthermore, HCl molecule in TS1 splits into two independent atoms, of which the H atom is bonded to C2. The distance between the two resulting atoms increases from 1.50 Å to 2.99 Å in comparison to the same distance in TS1.
To transform from Ims1 to TS2, the energy barrier of 30.37 kcal/mol must be overcome, which is the rate-limiting step of the reaction. The distance of C1-Cl in TS2 is reduced from 3.34 Å to 2.13 Å.
In addition, only one imaginary frequency (−216.85 cm −1 ) is obtained in this state based on the vibrational analysis, which is related to the stretching movement of the Cl atom. The IRC calculation is carried out again to ensure that the TS2 links Ims1 and De-ads. The C1-Cl bond length of the C2H3Cl product in De-ads is 1.85 Å, which is longer than the isolated C2H3Cl molecule. The ultimate step The reaction mechanism for Ru 1 /g-C 3 N 4 is identical to the mechanisms explained above, i.e., C 2 H 2 is adsorbed first, followed by the adsorption of HCl. The co-adsorption structure formed is shown in Figure 7 . Unlike the previous co-adsorptions described for Au 1 /g-C 3 N 4 and Pd 1 /g-C 3 N 4 , C 2 H 2 , and HCl are coplanar, rather than perpendicular. The E Co-ads is −51.38 kcal/mol, which is the largest among the three catalysts. Moreover, the C 2 H 2 molecule is strongly adsorbed on Ru 1 /g-C 3 N 4 and the adsorbed HCl molecule of the Co-ads state is not activated. The Co-ads structure could transform into Ims1 through TS1. The H3-Cl bond length in TS1 increases from 1.40 Å to 1.50 Å and the C2-H3 distance decreases from 2.13 Å to 1.60 Å. These outcomes indicate that the HCl molecule is isolated and activated.
To transform from Ims1 to TS2, the energy barrier of 30.37 kcal/mol must be overcome, which is the rate-limiting step of the reaction. The distance of C1-Cl in TS2 is reduced from 3.34 Å to 2.13 Å. In addition, only one imaginary frequency (−216.85 cm −1 ) is obtained in this state based on the vibrational analysis, which is related to the stretching movement of the Cl atom. The IRC calculation is carried out again to ensure that the TS2 links Ims1 and De-ads. The C1-Cl bond length of the C 2 H 3 Cl product in De-ads is 1.85 Å, which is longer than the isolated C 2 H 3 Cl molecule. The ultimate step involves desorption of the C 2 H 3 Cl product from Ru 1 /g-C 3 N 4 at 27.46 kcal/mol, which is equal to the adsorption energy of the C 2 H 3 Cl molecule adsorbed onto Ru 1 /g-C 3 N 4 .
Catalysts 2019, 9, 808 9 of 13 involves desorption of the C2H3Cl product from Ru1/g-C3N4 at 27.46 kcal/mol, which is equal to the adsorption energy of the C2H3Cl molecule adsorbed onto Ru1/g-C3N4. Moreover, to evaluate the catalytic activity of single-atom X/g-C3N4(X = Au1, Pd1, and Ru1) in hydrochlorination of acetylene, we compared the calculated energy barriers with those of other catalysts, as shown in Table 2 . Our results demonstrate that single-atom X/g-C3N4(X = Au1, Pd1, and Ru1) catalysts are able to improve the catalytic activity of the reaction, which is particularly true for Au1/g-C3N4, which was determined as the optimal catalyst. This is consistent with previous reports that an Au-based catalyst may be the ideal candidate for the production of polyvinyl chloride. Moreover, to evaluate the catalytic activity of single-atom X/g-C 3 N 4 (X = Au 1, Pd 1 , and Ru 1 ) in hydrochlorination of acetylene, we compared the calculated energy barriers with those of other catalysts, as shown in Table 2 . Our results demonstrate that single-atom X/g-C 3 N 4 (X = Au 1, Pd 1, and Ru 1 ) catalysts are able to improve the catalytic activity of the reaction, which is particularly true for Au 1 /g-C 3 N 4 , which was determined as the optimal catalyst. This is consistent with previous reports that an Au-based catalyst may be the ideal candidate for the production of polyvinyl chloride. 3 11.86 [19] 
Conclusions
In the present study, we investigated the reaction mechanism of the single-atom X/g-C 3 N 4 (X = Au 1 , Pd 1, and Ru 1 ) catalysts in an acetylene hydrochlorination reaction. Our calculations and analyses indicate that the mechanism of the three catalysts is similar, in that the C 2 H 2 adsorption occurs prior to the adsorption of HCl. This results in co-adsorption and the products are obtained through one intermediate (Ims1) and two transition states (TS1 and TS2). The rate-limiting step of the Au 1 /g-C 3 N 4 and Pd 1 /g-C 3 N 4 catalyzed process is the dissociation of the C 2 H 3 Cl molecule in the catalyst. On the contrary, the transition from Ims1 to TS2 is the rate-limiting step in the reactions catalyzed by Ru 1 /g-C 3 N 4 . Moreover, our results show that the three SACs can enhance the activity of the reaction to varying degrees and the calculated energy barrier decreases in the order of Pd 1 /g-C 3 N 4 > Ru 1 /g-C 3 N 4 > Au 1 /g-C 3 N 4 . The energy barrier for the reaction catalyzed by the single-atom Au 1 /g-C 3 N 4 catalyst is only 13.66 kcal/mol. In conclusion, in comparison to the other investigated SACs for acetylene hydrochlorination, Au 1 /g-C 3 N 4 exhibited the best performance. We hope that our study provides theoretical support for researching and developing novel SACs.
